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Abstract High concentrations of the mycotoxins HT-2
and T-2 (HT2 + T2), primarily produced by Fusarium
langsethiae, have occasionally been detected in Norwe-
gian oat grains. In this study, we identified weather
variables influencing accumulation of HT2 + T2 in Nor-
wegian oat grains. Oat grain samples from farmers’
fields were collected together with weather data
(2004–2013). Spearman rank correlation coefficients
were calculated between the HT2 + T2 contamination
in oats at harvest and a range of weather summarisations
within estimated phenological windows of growth
stages in oats (tillering, flowering etc.). Furthermore,
we developed a mathematical model to predict the risk
of HT2 + T2 in oat grains. Our data show that adequate
predictions of the risk of HT2 + T2 in oat grains at
harvest can be achieved, based upon weather data ob-
served during the growing season. Humid and cool
conditions, in addition to moderate temperatures during
booting, were associated with increased HT2 + T2 ac-
cumulation in harvested oat grains, whereas warm and
humid weather during stem elongation and inflores-
cence emergence, or cool weather and absence of rain
during booting reduced the risk of HT2 + T2 accumula-
tion. Warm and humid weather immediately after
flowering increased the risk, while moderate to warm
temperatures and absence of rain during dough devel-
opment, reduced the risk of HT2 + T2 accumulation in
oat grains. Our data indicated that HT2 + T2 contami-
nation in oats is influenced by weather conditions both
pre- and post-flowering. These findings are in contrast
with a previous study examining the risk of
deoxynivalenol contamination in oat reporting that toxin
accumulation was mostly influenced by weather condi-
tions from flowering onwards.
Keywords Fusarium langsethiae . Predictionmodel .
Phenological windows . Spearman rank correlation
coefficient
Introduction
High concentrations of HT-2 toxin (HT2) and T-2
toxin (T2), primarily produced by Fusarium
langsethiae (Edwards et al. 2012; Torp and
Eur J Plant Pathol
https://doi.org/10.1007/s10658-017-1394-3
Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10658-017-1394-3) contains
supplementary material, which is available to authorized users.
A.<G. R. Hjelkrem (*) :H. U. Aamot :G. Brodal :
E. C. Strand : T. Torp : R. Dill-Macky : I. S. Hofgaard
Norwegian Institute of Bioeconomy Research (NIBIO), Pb 115,
1431 Ås, Norway
e-mail: anne-grete.hjelkrem@nibio.no
E. C. Strand
Norwegian Agricultural Extension Service, Osloveien 1, 1430 Ås,
Norway
S. G. Edwards
Crop and Environment Sciences Department, Harper Adams
University, Shropshire, Newport TF10 8NB, UK
R. Dill-Macky
Department of Plant Pathology, University of Minnesota, 495
Borlaug Hall, 1991 Upper Buford Circle, St Paul, MN 55108,
USA
Nirenberg 2004; Torp and Langseth 1999), are oc-
casionally detected in Norwegian oat grains
(Norwegian Scientific Committee for Food Safety
2013). These mycotoxins are closely related (HT2
is a deacetylated form of T2), and normally co-occur
(Hofgaard et al. 2016a; Edwards 2009; Langseth and
Rundberget 1999; Xu et al. 2014). As the documen-
tation on the occurrence of HT2 and T2 (HT2 + T2)
toxins is still scarce, the European Commission
(2013) has only set indicative levels for the sum of
HT2 + T2 in cereals and cereal products. These
levels are not feed or food safety levels, however
when concentrations are detected above these levels
investigations should examine the factors leading to
the presence of HT2 + T2 toxins.
Early predictions of the risk of high HT2 + T2
levels in grain would be important for regulatory
authorities and to allow industry to limit food and
feed safety problems. By identifying the main vari-
ables that influence mycotoxin accumulation and
their interactions, a better understanding of the ac-
cumulation of these mycotoxins will be achieved
and a prediction model can be developed.
The understanding of the epidemiology of
F. langsethiae and variables influencing the develop-
ment of HT2 + T2 toxins is increasing, but still limited
(Imathiu et al. 2013). The accumulation of HT2 + T2 in
F. langsethiae infested oats in the UK has been associ-
ated with warm and wet weather conditions before
anthesis (Opoku et al. 2013). Similar associations were
found by Xu et al. (2014), with a positive relationship
between the HT2 + T2 content in harvested oat grains
and warm and wet conditions during early May (before
anthesis) and dry conditions thereafter. Edwards (2017)
combined data from 2002 to 2008 and found a negative
relationship with late summer rainfall, indicating that
drier conditions in July and August resulted in increased
HT2 + T2. In an empirical model developed in the UK
to predict HT2 + T2 content in harvested oat grains, the
authors suggested the use of growth stages instead of
date as an important model improvement (Xu et al.
2014). In addition to weather conditions, agronomic
practices (organic or conventional), previous crop, till-
age and oat variety have been shown to significantly
influence HT2 + T2 accumulation in oat grains (Brodal
et al. 2016; Edwards 2009).
In contrast to the large number of studies exam-
ining the variables that influence Fusarium
graminearum infection and the accumulation of
deoxynivalenol (DON) in cereal grains (e.g. Giroux
et al. 2016; Andersen et al. 2015; Xu et al. 2013;
Gourdain et al. 2011; De Wolf et al. 2003), only few
investigations have been conducted on the epidemi-
ology of F. langsethiae and HT2 + T2 accumulation.
Oats are most suscept ib le to infec t ion by
F. graminearum during flowering (Tekle et al.
2012). By contrast, infection by F. langsethiae, is
assumed to occur prior to flowering (Opoku et al.
2013). The weather conditions that influence the
accumulation of HT2 + T2 in oats are also reported
to differ from those observed to influence DON
accumulation (Xu et al. 2014). Furthermore, no pos-
itive associations have been detected between the
concentration of HT2 + T2 and DON, or between
the Fusarium species that produce these mycotoxins
in oats (Hofgaard et al. 2016a; Fredlund et al. 2013;
Edwards 2009), indicating that the environmental
requirements for successful infection and subsequent
mycotoxin production in oats differs between these
two fungal species.
In contrast to F. graminearum, where ascospores
facilitate rapid and wide dispersal of inoclum, no sexual
stage is known for F. langsethiae and the source of
inoculum is still unknown. F. langsethiae seems to be
more loca l ly d i spe rsed , and , compared to
F. graminearum, only limited amounts of F. langsethia
DNA has been detected in spore traps (Hofgaard et al.
2016b). Significant differences in the level of
F. langsethiae infection of oat plots have been observed
between experimental plots within a single field
(Parikka et al. 2007).
The objective of this study was to identify asso-
ciations between the content of HT2 + T2 in harvest-
ed oat grains and weather conditions at specific oat
growth stages. Growth stage intervals (phenology
windows), such as tillering, heading/flowering and
senescence, were first estimated for oat crops grown
in 188 farmer fields. Spearman rank correlations
were then calculated between the HT2 + T2 content
of the oat grains harvested from those fields and
selected weather variables within each phenology
window. Then, the most important weather variables
were used in the development of an empirical model
to predict the risk of HT2 + T2 accumulation in oat
grains. Our ultimate goal was to develop a model
that can be used by the Norwegian authorities and
industry to identify grain lots with potential food
and feed safety problems.
Eur J Plant Pathol
Materials and methods
Oat samples
Oat grain samples, ca. 1 kg, were collected at farms
or at delivery points of oats from farmers’ fields
across cereal producing districts in Norway from
2004 to 2013. Samples were processed and stored
according to Aamot et al. (2012), except for samples
collected after 2009, where a sub-sample of 200 g
was taken from the initial sample, ground using a
high speed rotor mill (ZM 200, Retsch, Haan, Ger-
many) fitted with a 1 mm sieve prior to storage.
In order to ensure that inoculum of fungal species
producing HT2 + T2 were present at all the locations
included, only fields where the harvested grain samples
had a HT2 + T2 concentration above the limit of detec-
tion (LOD) were included in the study. The final dataset
consisted of samples from 188 oat fields in South-East
Norway, with 92% of the samples collected within three
important oat producing counties (27% from Akershus,
14% from Østfold and 51% from Hedmark). Most sam-
ples were collected in 2006 (17%), 2007 (17%), 2008
(14%), 2010 (17%) and 2012 (15%).
Mycotoxin analysis
Of the 188 samples collected, 29 of the samples
were analysed by LC-MS/MS method at the Institute
of Sciences of Food Production (ISPA) where the
HT2 + T2 LOD was equal to the limit of quantifica-
tion (LOQ) of 23 μg kg−1 (Hofgaard et al. 2016a). A
further 124 samples were analysed at NIBIO with an
LC-MS/MS method where the LOD (LOD = LOQ)
was 23 μg kg−1 for the sum of HT2 and T2, as
described in the method published in Aamot et al.
(2013). However, in the present study HT2 was
detected as an ammonia adduct of m/z 442.20 with
the product ions m/z 263.20 and 215.14. The final
35 samples were analysed with an ELISA method
(AgraQuant® T2/HT2 Assay, Romer Labs®, Tulln,
Austria). The ELISA analysis was performed ac-
cording to the manufacturer’s instructions, except
for the sample extraction. In our study sample ex-
tractions were done by adding 25 ml of 70%
methanol:distilled water (v/v) to 5 g of the ground
sample. The mixture was shaken vigorously for
3 min, centrifuged for 1 min at 1811×g, and the
supernatant was diluted 1 + 9 with distilled water.
Finally an additional dilution of 1 + 1 with 7% meth-
anol: distilled water (v/v) was made. Using this
method we obtained a LOD of 120 μg kg−1 and a
LOQ of 250 μg kg−1. For samples with a HT2 + T2
content above the LOD but below the LOQ, a value
of LOQ/6 (European Commission 2003) was used.
Weather data
Weather data was collected from weather stations pro-
vided by Agrometeorology Norway (2016). Daily and
hourly weather records of air temperature two meters
above ground level (T; °C), precipitation (P; mm) and
relative humidity (RH; %) were used. For each grain
sample, data were collected from the nearest weather
station. Altogether, data from 20 different weather sta-
tions were used. Only samples from farms within 20 km
(mean distance of 8.3 km) from a weather station were
included in the analysis.
Vapour pressure deficit (vpd; kPa) is defined as the
difference between the amount of moisture in the air
and the moisture the air can hold when saturated.
Saturated vapour pressures were estimated from mea-
sured air temperatures according to Goff and Gratch
(1946), as is recommended by the World Meteoro-
logical Organisation (2012). The actual vapour pres-
sure was derived from the estimated saturated vapour
pressure and the measured RH (Perry and Green
1997). For example, an air temperature of 15 °C
and a RH of 90% gives a vpd of 0.17 kPa, while, at
the same temperature, a 80% RH gives a vpd of
0.34 kPa and a 70% RH gives a vpd of 0.51 kPa.
Association between HT2 + T2 content and weather
conditions
The BBCH scale was used to define plant growth
stages (GS) (Lancashire et al. 1991), and dates for
all growth stages from sowing to harvest were esti-
mated for each grain sample by using the Oat Phe-
nology Model (Hjelkrem et al. 2017). For the further
analysis, the dataset for each grain sample was sep-
arated into ten intervals reflecting the different plant
developmental stages (phenology windows). The
phenology windows were selected in order to in-
c l u d e g r ow th s t a g e s t h a t c o r r e s p ond t o
germination/seedling growth (GS 0–20), tillering
(GS 20–30), stem elongation (GS 30–40), booting
(GS 40–50), inflorescence emergence (GS 50–55),
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heading/flowering (GS 55–70), milk development
(GS 70–75), late milk (GS 75–80), dough develop-
ment (GS 80–90) and senescence (GS 90–95). For
each grain sample, data for air temperature, precip-
itation and relative humidity, recorded at the nearest
weather station, was summarised for each predicted
phenological window. Possible associations between
the mycotoxin content of HT2 + T2 in harvested oat
grains and the weather summarisations (variables)
within each phenological window, were calculated
for the whole data set (188 grain samples) using the
Spearman rank correlation coefficient (Spearman
2010). The Spearman rank correlation coefficient
measures the association between two ranked vari-
ables, and it was used due to the non-normal distri-
bution of data, which included a number of outliers
with high HT2 + T2 values. The weather variables,
were mainly selected based upon previous studies
on variables influencing Fusarium development or
mycotoxin accumulation in cereals (Xu et al. 2014;
Kriss et al. 2010).
Prognosis system for identification of oat grain lots
with HT2 + T2 levels exceeding acceptable limits
Discriminant analysis, with stepwise selection and
leave-one-out cross-validation, was used in order to
develop a model to forecast the risk of elevated levels
of HT2 + T2 in harvested oats. A rigorous threshold
value of 500 μg kg−1 was chosen for this study (the
indicative level for unprocessed oats is 1000 μg kg−1
(European Commission 2013)). Weather variables that
were significantly (p < 0.05) correlated with the HT2 +
T2 content in oats at harvest were included in the model
development. The stepwise procedure can be distorted
by multicollinearity (Montgomery et al. 2001). There-
fore, if two weather variables each have correlations
greater than 0.9, only the one with highest correlation
to HT2 + T2 at harvest was used as the input variable to
the stepwise selection procedure. Additionally, contrast-
ing conditions were not accepted in the resulting model.
Statistical methods
SAS 9.4 was used for the discriminant analysis, with
the functions ‘stepdisc’ and ‘discrim’, while all oth-
er calculations were performed using MATLAB
(R2016b). The ‘corr’ function with type ‘Spearman’
was used to calculate the Spearman rank correlation
coefficient. All other calculations performed in this
study were written in script files.
Results
This study was performed in two parts. Initially, the
weather conditions during phenological development,
that were significantly associated with HT2 + T2 accu-
mulation in harvested oat grains were identified, then, a
mathematical model to predict HT2 + T2 accumulation
in oat grains at harvest was developed.
Association between HT2 + T2 content and weather
conditions
Among the 188 samples included in the dataset, the
amount of HT2 + T2 detected varied from a maximum
of 2998 μg kg−1 to the levels of detection (LOD). The
median HT2 + T2 value was 199 μg kg−1, the mean
HT2 + T2 value was 372 μg kg−1 and the standard
deviation of the mean was 468 μg kg−1. Nine percent
of the samples contained HT2 + T2 levels above the
indicative limit set for unprocessed oats (1000 μg
kg−1), and 25% of the samples contained HT2 + T2
values higher than our more rigorous level of 500 μg
kg−1 used in this study. The same samples were also
tested for DON contamination (Hjelkrem et al. 2017)
and no significant (p < 0.05) relationship was observed
between the concentrations of the two mycotoxins (μg
kg−1 oat grain) in an ordinal regression analysis (using
the natural logarithm).
A total of 148 weather variables, based on air
temperature, rainfall and relative humidity were
summarised within each of the ten estimated phenol-
ogy windows for all 188 oat fields included in this
study. The weather variables used are given in the e-
Xtra (Table S1). Table 1 presents the month (approx-
imate time period), along with the daily mean (and
SD of the mean), minimum and maximum daily and
hourly air temperatures within each of the ten phe-
nological windows across the 188 Norwegian oat
fields examined. In this paper, these weather data
are used as a reference when discussing prevalent
weather according to Norwegian conditions.
Within each of the ten phenological windows, the
Spearman rank correlation coefficient was calculated for
the association between the HT2 + T2 content of har-
vested oat grain and each of the 148 different weather
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variables considered. Significant correlations between
the HT2 + T2 content in harvested oat grains and the
weather variables were found for all the phenology
windows. Only selected significant correlations
(p < 0.05) between HT2 + T2 in harvested oat grains
and the weather variables for the phenological windows
are presented in the text, though all the calculated cor-
relations are given in Table S1 in the e-Xtra.
The associations between the HT2 + T2 content of
harvested oat grains and the average daily air tempera-
ture, within the phenology windows are presented in
Fig. 1a. A positive correlation was detected during
germination/seedling growth (r = 0.26, p < 0.001). By
considering the daily number of hours with T in [10
20) °C (equivalent to 10 °C ≤ T < 20 °C), positive cor-
relations were detected for all phenological windows
pre-flowering (from sowing to end of inflorescence
emergence), with highest value observed during tillering
(r = 0.37, p < 0.001) (Table S1). The HT2 + T2 content
at harvest was not correlated with average daily air
temperature during heading/flowering (Fig. 1a). How-
ever, a positive correlation with HT2 + T2 content was
detected during heading/flowering when considering
the daily number of hours with T ≥ 10 °C (r = 0.23,
p = 0.003) (Table S1). Post-flowering, negative correla-
tions were detected between HT2 + T2 contamination in
harvested oat grains and average daily air temperature
from late milk to harvest, with highest value observed
during dough development (r = −0.35, p < 0.001)
(Fig. 1a). Considering only the correlations between
the HT2 + T2 content and the daily number of hours
with T < 5 °C (Table S1), positive correlations were
found for all phenological windows post-flowering
(from milk development to harvest), with the highest
value during dough development (r = 0.39, p < 0.001).
The associations between HT2 + T2 contamina-
tion in harvested oat grains and average daily pre-
cipitation within the phenology windows of selected
oat growth stages are given in Fig. 1b. Positive
correlations were detected from tillering to the end
of booting, with the highest value occurring during
stem elongation (r = 0.30, p < 0.001). A negative
correlation was detected during heading/flowering
(r = −0.16, p = 0.025), while no signif icant
(p < 0.05) correlations with the average daily precip-
itation were detected post-flowering (Fig. 1b).
The associations between HT2 + T2 contamination
in harvested oat grains and average daily relative hu-
midity within the phenology windows of selected oatTa
bl
e
1
M
ea
n
da
ily
ai
r
te
m
pe
ra
tu
re
(T
)
an
d
st
an
da
rd
de
vi
at
io
n
(S
D
),
m
in
im
um
an
d
m
ax
im
um
da
ily
an
d
ho
ur
ly
T
du
ri
ng
te
n
es
tim
at
ed
ph
en
ol
og
ic
al
st
ag
es
fo
r
18
8
oa
tf
ie
ld
s.
D
at
a
w
er
e
co
lle
ct
ed
be
tw
ee
n
20
04
an
d
20
13
Ph
en
ol
og
ic
al
w
in
do
w
G
er
m
in
at
io
n/
se
ed
lin
g
gr
ow
th
(G
S
0–
20
)
T
ill
er
in
g
(G
S
20
–3
0)
St
em
el
on
ga
tio
n
(G
S
30
–4
0)
B
oo
tin
g
(G
S
40
–5
0)
In
fl
or
es
ce
nc
e
em
er
ge
nc
e
(G
S
50
–5
5)
H
ea
di
ng
/
fl
ow
er
in
g
(G
S
55
–7
0)
M
ilk
de
ve
lo
pm
en
t
(G
S
70
–7
5)
L
at
e
m
ilk
(G
S
75
–8
0)
D
ou
gh
de
ve
lo
pm
en
t
(G
S
80
–9
0)
se
ne
sc
en
ce
(G
S
90
–9
5)
Ty
pi
ca
lm
on
th
of
ob
se
rv
at
io
n
M
ay
M
ay
/J
un
e
E
ar
ly
Ju
ne
M
id
Ju
ne
L
at
e
Ju
ne
E
ar
ly
Ju
ly
M
id
Ju
ly
L
at
e
Ju
ly
A
ug
us
t
A
ug
us
t/
Se
pt
em
be
r
D
ai
ly
m
ea
n
T
[°
C
]
10
.7
13
.4
14
.6
15
.2
15
.5
16
.2
16
.1
16
.7
15
.6
12
.9
SD
T
[°
C
]
1.
7
3.
0
2.
5
2.
1
2.
3
1.
7
1.
6
2.
2
1.
8
2.
6
M
in
.T
[°
C
],
da
ily
−0
.5
4.
0
6.
4
7.
7
8.
7
8.
8
10
.2
11
.6
3.
6
1.
3
M
ax
.T
[°
C
],
da
ily
21
.8
22
.7
22
.0
22
.7
23
.2
23
.7
22
.7
22
.8
23
.0
21
.3
M
in
T
[°
C
],
ho
ur
ly
−5
.4
−1
.5
−0
.2
0.
5
−0
.3
0.
0
4.
2
4.
2
−1
.3
−2
.9
M
ax
T
[°
C
],
ho
ur
ly
30
.3
30
.6
30
.6
30
.6
29
.7
30
.6
29
.0
30
.8
30
.5
28
.3
Eur J Plant Pathol
growth stages are given in Fig. 1c. Positive correlations
were detected from tillering to the end of inflorescence
emergence, with highest value observed during booting
(r = 0.26, p < 0.001). No significant (p < 0.05) correla-
tion between HT2 + T2 and daily relative humidity was
detected during heading/flowering. However, when
considering the daily number of hours with RH in [75
90)% (Table S1), a positive correlation was detected
(r = 0.21, p = 0.005) during heading/flowering. Positive
correlations were also detected between the HT2 + T2
content in harvested oat grains and the average daily
relative humidity during the phenological windows milk
development and late milk, with the highest value oc-
curring during late milk (r = 0.29, p < 0.001).
The associations between HT2 + T2 contamination
in harvested oat grains and the daily number of hours
with T in [15 20) °C and precipitation (P > 0.2 mm)
within the phenology windows of selected oat growth
stages are given in Fig. 1d. Positive correlations were
detected for all phenological windows to the end of
heading/flowering, with the highest value observed dur-
ing booting (r = 0.27, p < 0.001). A negative correlation
was identified between the HT2 + T2 content at harvest
and the daily number of hours with T < 10 °C and
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Fig. 1 The Spearman rank
correlation coefficients,
calculated between HT2 + T2 (μg
kg−1) contamination in harvested
oats and weather conditons,
during estimated time-periods
(phenology windows) of plant
growth stages (BBCH scale).
Asterisks indicate that the
correlation is significant at 10%
level (*) or 5% level (**). The
weather conditions are based on
air temperature (T), precipitation
(P), relative humidity (RH) and
vapour pressure deficit (vpd)
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precipitation during heading/flowering (r = −0.29, p <
0.001) (Table S1). Negative correlations were detected
between HT2 + T2 content and the daily number of
hours with T in [15 20) °C and precipitation during
dough development (r = −0.19, p = 0.009) and senes-
cence (r = −0.17, p = 0.030). Furthermore, when consid-
ering the daily number of hours with T < 10 °C and
precipitation for all post-flowering windows
(Table S1), positive correlations were detected, with
the highest value occurring during dough development
(r = 0.40, p < 0.001).
The associations between HT2 + T2 contamination
in harvested oat grains and the daily number of hours
with T in [15 20) °C, and no precipitation (P ≤ 0.2 mm)
within the phenology windows, of selected oat growth
stages are given in Fig. 1e with a positive correlation
detected during booting (r = 0.25, p < 0.001). Also, the
correlations between HT2 + T2 content and the daily
number of hours with T in [10 20) °C and no precipita-
tion (Table S1), were positive for the windows from
sowing to stem elongation, with the highest value ob-
served during tillering (r = 0.34, p < 0.001). However,
negative correlations were detected during germination/
seedling growth (r = −0.30, p < 0.001) and booting (r =
−0.30, p < 0.001) between HT2 + T2 and the daily num-
ber of hours with T < 10 °C and no precipitation
(Table S1). A positive correlation was detected between
the HT2 + T2 contamination in harvested oat grains and
daily number of hours with T in [15, 20) °C and no
precipitation during the heading/flowering phenology
windows (r = 0.20, p = 0.007) (Fig. 1e). Negative corre-
lations were detected between the HT2 + T2 content in
harvested oat grains and the daily number of hours with
T in [15, 20) °C and no precipitation for the post-
flowering phenology windows of dough development
(r = −0.20, p = 0.005) and senescence (r = −0.26,
p < 0.001) (Fig. 1e).
The associations between HT2 + T2 contamination
in harvested oat grains and the daily number of hours
with humid weather, as defined by a low vapour pres-
sure deficit (vpd ≤ 0.34 kPa), within the phenology win-
dows of selected oat growth stages are presented in
Fig. 1f. Positive correlations were detected between
HT2 + T2 content and daily number of hours with hu-
mid weather from tillering to the end of booting, with
the highest values recorded during stem elongation (r =
0.22, p = 0.002) and booting (r = 0.22, p = 0.003). No
significant (p < 0.05) correlations with humid weather
were detected during heading/flowering, although
positive correlations were detected for the four post-
flowering phenology windows from milk development
to the end of senescence, with highest value recorded
during late milk (r = 0.35, p < 0.001).
The associations between HT2 + T2 content in
harvested oat grains and daily number of hours with
T in [15 20) °C and humid weather (vpd ≤ 0.34 kPa)
within the phenology windows of selected oat
growth stages are presented in Fig. 1g. Positive
correlations were found around flowering, including
in the four phenological windows from booting to
end of milk development, with the highest value
recorded during the booting (r = 0.31, p < 0.001)
and heading/flowering (r = 0.31, p < 0.001) pheno-
logical windows. By contrast, negative correlations
were detected during dough development (r = −0.21,
p = 0.004) and senescence (r = −0.24, p = 0.002).
The associations between HT2 + T2 contamination
in harvested oat grain and the daily number of hours
with T < 10 °C and humid weather (vpd ≤ 0.34 kPa)
within the phenology windows of selected oat growth
stages are presented in Fig. 1h. A negative correlation
was detected during the germination/seedling growth
(r = −0.32, p < 0.001), and from booting to the end of
heading/flowering, with the highest value recorded dur-
ing booting (r = −0.29 p < 0.001). Conversely, positive
correlations were apparent from late milk to senescence,
with the highest value detected during the senescence
window (r = 0.35, p < 0.001).
Prognosis system for identification of oat grain lots
with HT2 + T2 levels exceeding acceptable limits
To develop a prognosis system for the identification of
oat grain lots with a high risk of having their HT2 + T2
toxin levels exceed the indicative levels for T-2 and HT-
2 toxin in cereal and cereal products, according to Com-
mission Recommendation 2013/165/EU, a mathemati-
cal model to predict the risk of HT2 + T2 contamination
of oat grains was developed. A rigorous threshold value
of 500 μg kg−1 grain was chosen in this study, given that
the current indicative level for unprocessed oats is
1000 μg kg−1. All weather variables with a significant
(p < 0.05) effect on HT2 + T2 accumulation and with
pair-wise correlations to each other of less than 0.9
(Table S1), were considered in the development of the
model. Consequently, only 112 weather variables
(Table S1) were utilised in model development. The
model was developed and evaluated using discriminant
Eur J Plant Pathol
analysis with stepwise selection and leave-one-out
cross-validation. The final model consisted of seven
weather variables and is given in Eq. 1.
M ¼ 9:15−0:90c1 þ 0:38d1
þ 0:31d2−0:60d3−0:48e1 þ 7:86g1−0:55i1 ð1Þ
The model forecasts a risk of elevated HT2 + T2
levels if the model output for ‘M’ is greater than zero.
The model variable c1 is daily number of hours with T in
[15 20) °C and RH> 75% during stem elongation. The
model variables d are a number of weather variables
during the phenological window booting, including the
daily number of hours with T < 12 °C and vpd ≤
0.34 kPa (d1), daily number of hours with T in [10,
20) °C (d2) and daily number of hours with T < 15 °C
and P ≤ 0.2 mm (d3). The model variable e1 is the daily
number of hours with T in [15, 20) °C and vpd ≤
0.17 kPa during inflorescence emergence. The model
variable g1 is the daily number of hours with T in [15,
20) °C and vpd ≤ 0.51 kPa during milk development,
while the variable i1 is the daily number of hours with
T ≥ 12 °C and P ≤ 0.2 mm during dough development.
A contingency table (Table 2) of the model perfor-
mance with our threshold value of 500 μg kg−1 was
created based on the leave-one-out cross-validation. The
results indicate a specificity (observed and estimated
values lower than 500 μg kg−1) of 60% and a sensitivity
of 22% (observed and estimated values higher than
500 μg kg−1). Thus, in the model 3% of the observations
were incorrectly estimated to be lower (false negatives),
and 15% to be higher (false positives) than 500 μg kg−1,
respectively. Additionally, the risk of HT2 + T2 toxin
levels exceeding 500 μg kg−1 oat was estimated for all
observations, resulting in a similar sensitivity and a slight-
ly higher specificity (61%). Thus, five (3%) of the obser-
vations were incorrectly estimated to less than 500 μg
kg−1, and of these five, two were in reality higher than the
indicative level for unprocessed oats (1000 μg kg−1).
The model generally predicted an increased risk of
elevated levels of HT2 + T2 toxins in oats from fields
with humid conditions combined with air temperatures
cooler than average for Norway (T < 12 °C) or when the
prevailing air temperatures were around average (T in
[10, 20) °C) during booting. Relatively warm tempera-
tures (T in [15 20) °C) and humid conditions during milk
development additionally increased the toxin risk (Fig. 2).
Themodel predicted a decreased risk of elevated levels of
HT2 + T2 toxins in oats from fields with humid condi-
tions andwarmer than average temperatures (T in [15, 20)
°C) during stem elongation and inflorescence emergence
(T in [15 20) °C). A decreased risk was also associated
with cooler than average temperatures (T < 15 °C) and no
rain (P ≤ 0.2 mm) during booting. Additionally, the mod-
el predicted a decreased risk of HT2 + T2 toxin when
temperatures were around and/or warmer than average
(T > 12 °C) and with no rain during dough development.
Discussion
Elevated HT2 + T2 concentrations in oat grains have
been reported in Norway (Hofgaard et al. 2016a),
Sweden (Fredlund et al. 2013), Finland (Nathanail
et al. 2015), Switzerland (Schirdewahn et al. 2016)
and in the UK (Edwards 2009). The goal of this
study was to identify possible associations between
weather conditions at specific growth stages of oats
and the content of HT2 + T2 in harvested oat grains.
Some of the important weather variables were then
included in an empirical model to predict the risk of
elevated levels of HT2 + T2 in oat grains at harvest.
To identify associations between the HT2 + T2 con-
tent of harvested oat grains and weather conditions
Table 2 The contingency table of model performance following
the cross-validation of results from the prediction model for iden-
tification of oat grain lots with combined HT-2 and T-2 toxin levels
exceeding a chosen level of 500 μg kg−1, displaying the relation-
ship between the true observations and the predicted model
outcome
Observed data
< 500 μg kg−1 ≥ 500 μg kg−1 Total
Predicted model outcome < 500 μg kg−1 60% (113) 3% (6) 63% (119)
≥ 500 μg kg−1 15% (28) 22% (41) 37% (69)
Total 75% (141) 25% (47) 100% (188)
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within different growth stages, we defined the time
periods for each of ten specific growth stages in 188
oat fields and analysed the harvested grain samples for
their HT2 + T2 content. Predicted growth stages, as
opposed to the number of days from sowing, were
chosen because the relationship between number of
days from sowing and phenological development in oats
had been shown to be quite poor (Hjelkrem et al. 2017).
Furthermore, the use of phenological growth stages has
previously been proposed as an improvement when
modelling the accumulation of HT2 + T2 in oats (Xu
et al. 2014). Our approach is based on the window-pane
methodology (Coakley et al. 1982; Kriss et al. 2010)
that is used to quantify the importance of environmental
variables within temporal windows. A similar mathe-
matical model, designed to predict growth stages of oats
based on sowing time and weather conditions, was
recently developed to quantify the relationship between
weather conditions and DON accumulation in Norwe-
gian oats (Hjelkrem et al. 2017). In the present study, we
identified possible associations between the occurrence
of HT2 + T2 toxins in harvested oat grains and weather
conditions between sowing and harvest.
Association between HT2 + T2 content and weather
conditions pre-flowering
For the 188 fields included in this study, the HT2 + T2
content of the harvested oats was clearly influenced by
the weather conditions prevailing during the pre-
flowering phenological growth stages. Our model, de-
veloped to predict risk of HT2 + T2 in harvested oat
grains, included five weather variables collected in the
period prior to flowering. Likewise, models developed
in the UK to predict concentrations of HT2 + T2 in oat
grains included mainly pre-flowering variables (Xu
et al. 2014). In contrast, a model developed to predict
the risk of DON contamination in harvested oat grains in
Norway included only three out of the eight weather
variables examined in the period prior to flowering
(Hjelkrem et al. 2017). Fusarium langsethiae is
regarded as the main HT2 + T2 producer in oats in both
Norway and UK (Hofgaard et al. 2016a; Edwards et al.
2012), whereas F. graminearum is the most important
DON producer in Norwegian oats (Hofgaard et al.
2016a). The differences between the prediction models
for HT2 + T2 versus DON contamination in oats may
imply that the weather conditions critical for toxin de-
velopment in oats differs between the HT2 + T2-pro-
ducer F. langsethiae and the DON-producer
F. graminearum. This likely reflects differences in the
biology of these fungi, such as the timing and/or growth
stage of the initial infection or differences in weather
requirements for inoculum production and dispersal.
According to the Spearman rank correlation study,
the risk of HT2 + T2 contamination was generally great-
er in oat grains from fields with wet/humid weather
conditions in the pre-flowering period. Likewise, the
mathematical model we developed predicted an in-
creased risk of HT2 + T2 accumulation in oats growing
Fig. 2 A visualization of a prediction model developed for the
identification of oat grain lots with risk of HT2 + T2 toxin levels
exceeding a chosen level of 500 μg kg−1, based on the weather
data prevailing during ten different phenological windows
identified between sowing and harvest. 1Symbols displayed above
phenological windows indicate conditions associated with
increased risk of HT2+T2 accumulation; 2Symbols displayed
below phenological windows indicate conditions associated with
decreased risk of HT2+T2 accumulation; 3Cool air temperature for
that period; 4Moderate air temperatures for that period; 5Warm
temperatures for that period; 6Humid conditions; 7No rain;
8Inflorescence emergence; 9Milk development
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under humid during booting. In accordance with our
study, Xu et al. 2014 also reported that wet conditions
pre-flowering were important in predicting the risk of
HT2 + T2 in UK oats. Additionally, Opoku et al. 2013
observed higher F. langsethiae infection levels, and
subsequent mycotoxin production, in seasons with hu-
mid weather in the week prior to GS59 (end of heading).
Furthermore, Opoku et al. 2013 observed a high content
of F. langsethiae DNA in oat plants around GS59 that
suggested infection by F. langsethiae occurs during
head emergence and before flowering. Together these
studies suggest that weather conditions pre-flowering
influence the initial F. langsethiae infection and subse-
quent mycotoxin production.
While our mathematical model predicted an in-
creased risk of elevated HT2 + T2 levels with humid
and cool (T < 12 °C) temperatures, as well as with
moderate temperature conditions (T in [10, 20) °C)
during booting, it also predicted a reduced risk of the
accumulation of these toxins with humid and warm (T in
[15 20) °C) weather conditions during stem elongation
and inflorescence emergence. Temperature influences
the infection, growth and mycotoxin production by
F. langsethiae (Nazari et al. 2014; Kokkonen et al.
2012; Medina and Magan 2011). Fusarium langsethiae
is recognized to have a slower growth rate than other
Fusarium species including; F. sporotrichioides, F. poae
and F. kyushuense, although all four species have much
the same optimum temperature (Torp and Nirenberg
2004). Fusarium graminearum has a significantly faster
growth rate in vitro than F. langsethiae at 20 °C
(Shakery 2012). Hofgaard et al. 2016a observed slightly
lower risk of elevated HT2 + T2 levels in F. langsethiae
contaminated grains when F. graminearum is addition-
ally present. Therefore, we hypothesize that humid and
warm weather conditions favour faster growing Fusar-
ium species, such as F. graminearum, that outcompete
F. langsethiae, reducing the risk of elevated HT2 + T2 in
the grain. Additionally, our risk model predicted a de-
creased risk of elevated HT2 + T2 levels with dry (no
rain) and cool (T < 15 °C) conditions during booting. If
initial F. langsethiae infection of oats takes place around
booting, dry conditions may reduce the growth of
F. langsethiae and thereby reduce the ability of this
fungus to infect the oat plants during this period.
Our data, along with those presented in other studies,
indicate that HT2 + T2 contamination in oats is clearly
influenced by the weather conditions pre-flowering,
which may suggest that the initial infection of
F. langsethiae takes place during this growth period.
By contrast, F. graminearum is considered to infect oat
at, or soon after, flowering (Tekle et al. 2012), and the
risk of DON contamination has been reported to be little
influenced by the weather conditions during growth
stages prior to flowering (Hjelkrem et al. 2017).
Association between HT2 + T2 content and weather
conditions at heading/flowering
Our risk model did not include any variables associ-
ated with weather conditions during heading/
flowering. Likewise, the eight selected models, devel-
oped by Xu et al. 2014 to predict the concentration of
HT2 + T2 in UK oats did not include any weather
variables during early June, a period that would typi-
cally correspond to the flowering time of oat crops in
the UK. In contrast, weather conditions during
heading/flowering seem to have a high influence on
the DON-risk in Norwegian oats (Hjelkrem et al.
2017). Spray inoculations with F. graminearum at
different growth stages have shown that oat is highly
susceptible to F. graminearum during flowering
(Tekle et al. 2012), and positive associations were
detected between DON accumulation and rain during
the heading/flowering in our previous study
(Hjelkrem et al. 2017). The negative association de-
tected between HT2 + T2 accumulation in oat grains
and rain during the heading/flowering period ob-
served in our Spearman rank correlation study sup-
ports the assumption of a different timing of initial
i n f e c t i o n by F. l ang s e t h i a e compa r ed t o
F. graminearum. This is further supported by the
finding of Xu et al. 2014, that reported a positive
relationship between the HT2 + T2 concentration at
harvest and dry conditions from late May onwards
(including the heading/flowering period) in UK oats.
We further hypothesize that if the weather conditions
during flowering favour F. graminearum infection this
pathogen may outcompete F. langsethiae, and in so
doing reduce the risk of elevated HT2 + T2 levels.
Despite finding that none of the variables in our
model were associated with weather conditions during
the heading/flowering, the Spearman rank correlations
indicate an association between HT2 + T2 accumulation
in oats and warm (warmer than the average of 16 °C for
that period, Table 1) weather conditions during the
heading/flowering period. This finding is in line with a
study by Bernhoft et al. 2012 who reported a positive
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relationship between F. langsethiae and the mean July
temperature (typically corresponding to the flowering
time of oats in Norway). Fusarium langsethiae has an
optimum growth rate between 20 °C and 24 °C (Imathiu
et al. 2016, Nazari et al. 2014). This suggests that
increased temperatures, within the range of temperatures
normally observed in Norway and UK, will stimulate
the growth of F. langsethiae, thereby increasing the risk
of elevated HT2 + T2 levels in oats.
Association between HT2 + T2 content and weather
conditions post-flowering
Both the Spearman rank correlation and the risk model
developed for HT2 + T2 accumulation in this study
showed that weather conditions during the post-
flowering period, from milk development to harvest,
had an impact on HT2 + T2 accumulation in oats.
Our risk model predicted an increased risk of
elevated HT2 + T2 levels with moderately humid to
humid and warm (T in [15 20) °C) conditions during
milk development. In a field study of oats in Norway,
Hofgaard et al. 2016b found that the amount of
Fusarium spp. DNA in air samples increased during
warm and rainy periods. In the same study,
F. langsethiae DNAwas detected in air samples from
oat fields collected four weeks after heading and later
(Hofgaard et al. 2016b), corresponding to oat growth
stages late milk to early dough development accord-
ing to our oat phenology model (Hjelkrem et al.
2017). The increased risk of elevated HT2 + T2
levels with humid and warm conditions during milk
development, as identified by our risk model, may be
related to an increased risk of F. langsethiae growth
and/or dispersal under such conditions.
During dough development, our risk model predicted
a negative association between HT2 + T2 accumulation
in oats and moderate to warm (T > 12 °C) temperatures
and dry (no rain) conditions. Accordingly, Kokkonen
et al. 2012 showed that high water activity is an impor-
tant variable for production of HT2 + T2 by
F. langsethiae. The reduced risk with dry conditions
could be a result of conditions unfavorable for the
production of HT2 + T2 by F. langsethiae. Oppositely,
Xu et al. 2014 reported a positive relationship between
HT2 + T2 at harvest and dry conditions from late May
(i.e. panicle emergence) and onwards in UK oats.
Close to harvest, the Spearman rank correlation study
showed a positive association between accumulation of
HT2 + T2 and humid weather conditions. Bernhoft et al.
2012 also identified an increased risk of HT2 in oat
when high humidity was recorded immediately before
harvest. Humid weather may increase the likelihood of
harvesting wet grain and thus increase the chance that
F. langsethiae continues to be metabolic active after
harvest, and produce additional HT2 and T2 in storage
(Medina and Magan 2011).
In our study, weather conditions during the post-
flowering period, from milk development to harvest,
had a impact on HT2 + T2 accumulation. We specu-
late that the weather conditions that are associated
with increased risk of elevated HT2 + T2 levels are
associated with increased sporulation, mycelial
growth and increased production of HT2 and T2 by
F. langsethiae in oats. However, further studies are
needed to fully understand how the dispersal and
development of F. langsethiae, as well as the accu-
mulation of HT2 + T2, is affected by the environmen-
tal conditions during post-flowering.
Summarizing comments on the relationship
between weather conditions and HT2 + T2 content
The association between weather conditions during oat
development in Norway and HT2 + T2 accumulation in
harvested oat grains differed between the phenological
windows examined in our study. Wet/humid and mod-
erate warm conditions prior to flowering were associat-
ed with increased HT2 + T2 accumulation in grain,
whereas low or higher than normal air temperatures
during this same period were associated with reduced
HT2 + T2. These results concur with previous studies
that indicate that the pre-flowering weather conditions
are critical for HT2 + T2 accumulation in oats (Opoku
et al. 2013). Warm/humid weather after flowering, and
cool/humidweather close to harvest increased the risk of
elevated HT2 + T2 levels, whilst warm temperatures
and no rain during dough development reduced the risk
of HT2 + T2 accumulation in oat grains. These results
show that weather conditions during the post-flowering
period, from milk development to harvest, may also
have an impact on HT2 + T2 accumulation. Weather
conditions during heading/flowering appeared to be of
less importance in the accumulation of these toxins in
oat. Weather conditions during the pre- and post-
flowering periods may directly influence the ability of
F. langsethiae to infect, spread and produce toxins in oat
grains. However, weather conditions during these
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periods may also impact on the competition between
F. langsethiae and other microorganisms, and may in-
fluence the host plants response to an infection, and the
subsequent production of HT2 + T2 toxins. To under-
stand the accumulation of HT2 + T2 in oats, more
knowledge is needed as to how the weather influences
the pathogen, its competitors, and the hosts.
Prognosis system for identification of oat grain lots
with HT2 + T2 levels exceeding acceptable limits
A rigorous threshold value for the HT2 + T2 content of
500 μg kg−1 grain was selected in this study, given that
the current indicative limits for unprocessed oats is set at
1000 μg kg−1 (The European Commission 2013). Only
9 % of the observed data were above the indicative limit
whereas 25% of our data points were above the more
rigorous threshold we utilized. Utilizing a lower thresh-
old value in our study meant that we had a greater
proportion of data points with a high risk of elevated
HT2 + T2 contamination and minimized the number of
samples that falsely predicted to have no risk of high
HT2 + T2 contamination by our model. The model de-
veloped in this study ultimately predicted the risk of
elevated HT2 + T2 levels adequately, with 83% of the
observations correctly estimated as being lower or
higher than the rigorous threshold we used. Among the
samples incorrectly estimated, only 1% of the samples
were incorrectly identified as being of Bno risk^. The
model developed in this study relied on closely predict-
ed oat growth stages. In a study by Giroux et al. 2016,
nine models were evaluated for their ability to predict
the risk of elevated levels of DON in wheat, using both
predicted and observed phenological stages of the host
plant. The precision of their model was higher when
using observed growth stages compared to predicted
growth stages. Thus, an improvement of our model
may be achieved by using observed (vs. predicted)
growth stages. Although not examined in our study, it
is evident that agronomic variables, such as previous
crop, cultivation and variety, substantially influence the
concentration of HT2 + T2 in oat grains (Brodal et al.
2016; Edwards 2009). The model developed in our
study to predict the risk of elevated HT2 + T2 levels in
spring oats, was developed and validated for Norwegian
weather conditions only. However, after validation of
the model with local data, this model may be useful in
other regions where spring oat is grown.
Our model, developed to predict risk of elevated
HT2 + T2 levels in harvested oat grains, included
many pre-flowering variables, no variables during
flowering, and a few variables during the post-
flowering and senescence periods. This is in contrast
to the model developed to predict DON-risk in Nor-
wegian oats, in which the weather conditions during
heading/flowering were identified to be of high impor-
tance (Hjelkrem et al. 2017). The discrepancy between
themodels developed to predict HT2 + T2 andDON in
oats is supported by reports on the absence of signifi-
cant correlations (Hofgaard et al. 2016a) or on nega-
tive associations (Edwards 2009) between HT2 + T2
versus DON in oats. The lack of a positive association
between the mycotoxins HT2 + T2 and DON suggests
that there is a competition between the fungal species
that produce these mycotoxins, alternatively it may be
that these fungi occupy different niches (Hofgaard
et al. 2016a; Edwards 2009).
Conclusions
This study identified important associations between the
HT2 + T2 content in oat grains and weather conditions
during ten predicted growth stages defining host plant
development. In the booting period, humid weather and
cool in addition to moderate temperatures were associat-
ed with increased HT2 + T2 accumulation in harvested
oat grains, whilst warm and humid weather during stem
elongation and inflorescence emergence, in addition to
cool and no rain during booting, reduced the risk of
elevated HT2 + T2 levels. After flowering, warm and
humid weather increased the risk of elevated HT2 + T2
levels, whilst moderate to warm temperatures and no rain
during dough development reduced the risk of elevated
HT2 + T2 levels in oat grains. Our data showed that
adequate predictions of the risk of elevated HT2 + T2-
levels in oat grains at harvest can be achieved, based
upon weather data observed during the growing season.
This study indicated that HT2 + T2 contamination in oats
is influenced by weather conditions both pre- and post-
flowering, as opposed to models predicting the risk of
DON contamination where weather conditions from
flowering onwards were reported to be the most impor-
tant. From our work it appears that the risk of elevated
HT2 + T2 and DON levels in oat grains is differentially
influenced by the weather conditions during the pre-
flowering and heading/flowering periods, whilst the
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weather conditions in the post-flowering period similarly
influences both HT2 + T2 and DON accumulation. De-
spite being developed and validated only for Norwegian
weather conditions, our prediction models may also be
useful in other regions where spring oat is grown. The
epidemiology of F. langsethiae and the HT2 + T2 accu-
mulation is poorly understood. Our study provides valu-
able information in this context, but still more knowledge
is needed both for developing agricultural control mea-
sures, and for the improvement of prediction models.
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